Abstract. Vibration is always used in the concrete construction. The rheological behaviors of vibrated fresh concrete are no longer represented by Bingham model. In this paper, the rheological behaviors of fresh mortar and fresh concrete subjected to vibration were investigated by the RSNS rheometer. For making a comparison, the rheological tests of fresh mortar in static state were also performed. The relationship of shear stress and shear strain rate was examined. Then, a model was presented for describing the rheological behaviors of fresh concrete in vibrated state. The effects of water-cement ratio and water content on the parameters of rheological model were discussed.
Introduction
Amount of reinforcing steel bars used in concrete structure is increased for earthquake-resistance. During casting process of concrete, fresh concrete is always vibrated to release air bubbles and fill formwork completely [1] . Vibration has important effect on the rheology of fresh concrete, which is completely different from those observed without vibration [2] . It is necessary to clarify the rheological behaviors of fresh concrete in vibrated state.
When fresh concrete is subjected to vibration, particle contacts in it become loose. Vibration will remove or reduce the yield stress, but has no effect on viscosity [3, 4] . However, fresh concrete is a particle assembly and the particle character is non-negligible. The rhelogical behaviors of vibrated fresh concrete is different from the Newtonian fluids. The yield stress and plastic viscosity are not constant and dependent on the particle fabric [5] . Tattersall et.al [4, 6] first attempt to measure the rheology of vibrated fresh concrete with a two-point rheometer located on an electromagnetic vibrating table. It is shown that vibrated fresh concrete is a kind of power law pseudoplastic body with zero yield stress, its rheological behaviors are no longer represented by Bingham model. When an internal rod-shaped vibrator is used, there is a clearly visible liquefied region near the vibrator, from which air bubbles are released. According to Taylor, vibration can compact fresh concrete to 2% air content [7] . The fresh concrete at greater distances from the internal vibrator seems unaffected by the vibration [3] . The efficacy of vibration is related to the frequency and amplitude. It is no doubt that the experiment of fresh concrete is costly in terms of labor forces and financial expenses. It is a good alternative to evaluate the workability of fresh concrete based on the numerical method [8, 9] .
There are a number of reports on the numerical simulation of fresh concrete in static state with Bingham model [10] , but little report on the numerical simulation of fresh concrete in vibrated state in the literatures. Mori regarded the vibratory force as a impact force and used the parameters measured in static state to simulate the fresh concrete in vibrated state [11] . The parameter measured in static state can't describe the rheological behaviors of fresh concrete in vibrated state. It is necessary to measure the rheological behaviors of fresh concrete in vibrated state and then build a rheological model to perform the numerical simulation.
In this paper, a RSNS rheometer developed by Li [5] with an internal rod vibrator was employed to measure the shear strain rate and shear stress of vibrated fresh concrete, A regressive analysis about the shear stress and shear strain rate was performed and then a rheological model was presented. Moreover, the effects of water-cement ratio and water content on the parameters of rheological model were discussed.
Experimental Program

Raw Materials and Mixtures
Mix proportions of four series of mortars and six series of concretes are presented in Table 1 . Ordinary portland cement with specific surface area of 3500 cm 2 /g and density of 3.16 g/cm 3 was used. Coarse aggregate was crushed stone with density of 2.73 g/cm 3 in saturated surface dry state, water absorption rate of 0.47%, solid volume percentage of 59.2%, and fineness modulus of 6.68, respectively. Fine aggregate was sea sand with density of 2.57 g/cm 3 in saturated surface dry state, water absorption rate of 1.36%, solid volume percentage of 66.7%, and fineness modulus of 2.90, respectively. Superplasticizer containing retardant ingredient was used to increase the fluidity of the fresh concretes. Four series of mortars had different water-cement ratio. Series No. 1-3 of concretes were different in the water-cement ratio and series No. 4-6 had different water content.
The cement and fine aggregate were first put into a concrete mixer, and mixed for 1 minute. Then water and the superplasticizer were added and further mixed for 2 minutes. In the case of concrete, coarse aggregate was finally put into the mixer and mixed for 2 minutes. After the mixing, the slump test or the flow table test was performed for fresh concrete, or for fresh mortar. The slump values and the spread diameters of flow table test were shown in Table. 1. 
Rheological Test
The rheometer used in this study, called RSNS rheometer [5] , was shown in Fig. 1 . The RSNS rheometer has a motionless axis in the central of sample, which is a rod vibrator, thus fresh concrete or mortar sample is subjected to ring shear between two blades in radial pattern together with vibration. Also, the RSNS rheometer can be operated by toque growth or rotation speed growth control method, and the vertical pressure acting the shear plane can be freely adjusted by two air cylinders. Figure 1 . RSNS rhometer.
After mixed, every time about 15L samples were enclosed into the container of the rheometer. The thickness of sample is 100 mm, and the diameters of sample's periphery and inner circumference are 340mm and 28mm, respectively. The rotation speed growth control method was used under the vibration. The torque under rotation speed was recorded simultaneously. The shear stress and shear strain rate were calculated, The detailed measurement and calculation methods can be found in Reference [5] . For making a comparison, the same tests were performed for fresh mortar without vibration.
Experimental Results and Discussion
Fresh Mortar
The test results of the shear stress-shear rate relation for fresh mortars with and without vibration are shown in Fig. 2 (a) and (b) , respectively. With vibration, the shear stress first increases with increase of shear strain rate and then approach to a certain value. With respect to the samples without vibration, the shear stress first increases and then decreases with increase of shear strain rate. The peak value of shear stress of vibrated mortar is smaller than those of non-vibration.
The viscous resistance increases with the increase of shear strain rate, but the particle inter-locking and physical flocculation were greatly destroyed by the vibration so that the shear stress approaches to a certain value even the shear rate was increased. However, in static state, the particles contacts of fresh mortar were broken only by shear deformation so that the peak value of shear stress is larger than those in the vibrated state. After yield, the resistance resulted by the interaction between particles will disappear. As a consequence, the shear stress decreases with the shear strain rate after yield. Fig. 3 indicates the relationship of shear stress and shear strain rate of vibrated fresh concrete. Like as fresh mortar under vibration, the shear stress first increases and then approach to a certain value with the increase of shear strain rate. As seen from Fig. 2(a) and Fig. 3 , the constitutive equation was obtained by regressive analysis about curve of shear stress and shear strain rate and can be described by Eq. (1) .
Fresh Concrete
Rheological Model of Vibrated
where m, n are constants that related to viscosity and yield stress, respectively. The value of n is dependent on the resistance resulted from the inter-friction and inter-locking of particles of vibrated fresh concrete.
If putting Eq. (1) 
Effects of Water-cement Ratio and Water Content on Model Constants
The effects of W/C ratio on the parameters m and n are shown in Fig. 4 , the values of m and n decrease with the increase of W/C ratio of fresh mortar and concrete. Fig. 5 indicates the parameters change with water content. Although the data vary widely, it was recognized that the larger the water content, the smaller values of the m and n.
When W/C ratio or water content increased, the fluidity of fresh mortar or fresh concrete increase. Both the viscous resistance and inter-particle friction become small so that the m and n decreases.
Conclusions
In this paper, the relationships of shear stress (τ) and shear strain rate (β) of fresh mortar and fresh concrete under vibrated state were investigated by the RSNS rheometer, using rotation speed growth control method. For making a comparison, the measurement of the τ -β relation was also performed for the fresh mortar without vibration.
In the vibrated state, the shear stress of fresh mortar and fresh concrete first increased with increase of the shear strain rate and then approached to a certain value. The relationship of shear stress and shear strain rate is not a Bingham model but a logarithmic function.
A rheological model in hyperbolic function form (Eq. (3)) was obtained for fresh concrete in dynamic state. The parameters of the rheological model decrease with increase of W/C ratio and water content.
